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Abstract The present work concerns an investigation of the
local atomic environment of Ni-containing secondary phase
precipitates (SPP) present in the metal-part of Zircaloy-2
cladding tubes. An unirradiated Zircaloy-2 and two spec-
imens irradiated in a commercial nuclear power plant are
characterized using μ-focussed synchrotron radiation, and
by x-ray absorption fine structure (XAFS) spectroscopy. The
patterns of Ni K-edge XANES and EXAFS of SPP in unir-
radiated and irradiated cladding are found different. Consid-
ering the fact that Ni-bearing SPP in the unirradiated sam-
ples are mainly Zintl phase Zr2(Fe, Ni) type, a detailed EX-
AFS analysis of near-neighbor Ni atoms has been made.
The result of a curve fit for the first two shells shows that
about 2 Ni(Fe) and 8 Zr atoms are coordinated at 2.68 and
2.77 Å, respectively, around a central Ni atom in the SPP.
XANES data analysis provides total electronic density of
states at the Fermi level of unirradiated Zr2(Fe, Ni). At the
Ni K-edge EXAFS spectra of irradiated SPP, however, only
a single scattering peak is observed demonstrating the struc-
tural disorder introduced by the neutron irradiation. The co-
ordination number of the Ni neighboring shells is reduced
markedly due to the formation of point and extended de-
fects in the damaged SPP lattice. Dissolution of Ni from the
SPP is also evident from the data. The results of this study
provide a further basis for the description of both crystal-
lographic and electronic structures of intermetallic second-
phase precipitates found in Zr-based alloys.
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1 Introduction
Zircaloy-2 is a zirconium-based alloy traditionally used as
a cladding and core structure material in nuclear power
plants [1, 2]. Its application is based on zirconium’s inher-
ent properties in a wide range such as excellent corrosion
resistance, high melting point and toughness, low cross sec-
tions for thermal neutron absorption, and exceptional stabil-
ity under irradiation conditions. The material contains also
several alloying elements, e.g., 1.2–1.7% Sn, 0.05–0.15%
Cr, 0.07–0.20% Fe, and 0.03–0.08% Ni (all in weight%
with the balance in Zr) as required to improve the prop-
erties of zirconium for nuclear applications. The commer-
cially used Zircaloy-2 product is commonly β-quenched
in one or several of the process steps during their fabri-
cations [3]. In this context, while Sn is known to remain
mostly in solid solution in the zirconium matrix, the in-
herent solubility for the transition metals Cr, Fe, and Ni
(which also stabilize the β-phase) is very low [4], and these
form submicron-size secondary-phase particles or precipi-
tates (SPP) together with zirconium. The intermetallic SPP
found in Zircaloy-2 are Zr(Fe, Cr)2 and Zr2(Fe, Ni). The
Laves phase Zr(Fe, Cr)2 has a hexagonal-closed-packed
(hcp) or face-centered cubic structure. The ratio of Fe to Cr
depends on the alloy composition of the bulk and the final
heat treatment, normal values of Fe/Cr are about 1–2. The
Ni-bearing SPP are mainly Zintl phase Zr2(Fe, Ni) type hav-
ing a body-centered-tetragonal (bct) lattice structure. Un-
der the in-service reactor operational conditions, Zircaloy-2
cladding behavior for water-side corrosion strongly depends
on the alloy microstructure and SPP distribution. There-
fore, a thorough knowledge of the crystallographic struc-
ture, chemical composition, and morphology of the SPP are
of special interest, since they are closely related to the cor-
rosion behavior, changes in mechanical and metallurgical
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properties, and hydrogen uptake of Zircaloy under neutron
irradiations [5, 6].
A large number of studies have been published on the
evolution of precipitates during oxidation of the zirconium
alloys [3, 7–13]. The microstructure of the alloys was pre-
dominantly observed by various analytical methods, e.g.,
conventional optical microscopy, transmitted light opti-
cal microscopy, scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). The types of pre-
cipitates in the alloys were identified by analyzing the se-
lected area diffraction (SAD) pattern in TEM and the chem-
ical composition from the energy dispersive X-ray spec-
troscopy (EDS). Such studies are mostly concerned with
differences in the size and distribution of SPP, including the
extent of lattice deformation, and the corresponding differ-
ences in microstructural developments in the Zr matrix. It
has been observed that oxidation of precipitates is delayed
compared to the zirconium matrix [14]. The effect of SPP
on metallurgical properties and corrosion has been also re-
ported [10]. The properties of these intermetallics under ir-
radiation environment in reactor up to a high burn-up have
been the subject of several investigations [15–19]. However,
structural aspects concerning lattice defects and their prefer-
ential location in these intermetallic phases have never been
investigated. Since the sizes of these SPP are very tiny, their
study for determining crystallographic structures by TEM
on ultrathin specimens is often quite difficult due to the
matrix contribution on the EDS spectrum and on the cor-
responding electron diffraction patterns. SPP volume frac-
tions in Zr alloys also are very small. Therefore, a good sta-
tistic can only be obtained in TEM analysis by performing
many examinations which are quite time consuming. Thus,
the use of synchrotron-based X-ray absorption fine struc-
ture (XAFS) spectroscopy technique is of utmost interest.
The ability of XAFS, both extended X-ray absorption fine
structure (EXAFS) and X-ray absorption near edge structure
(XANES), to yield local structural information in an atomic
scale has been well documented in the literature [20].
Recently, imaging of SPP in Zircaloy-2 has been carried
out using nano-focussed X-ray synchrotron radiation [21].
This allowed detection of Fe and Cr rich metallic precipi-
tates with a diameter of 20 nm or greater. The Ni rich phases
were not detected due to both the experimental limitations
and the lower Ni concentration (compared to Fe or Cr) in
the alloy. From the XANES spectra recorded for selected
SPP at Fe and Cr L2,3 edges, it has been possible to esti-
mate the chemical state of these impurities. From this study
we were also able to demonstrate the possible lattice en-
vironment (cubic and hexagonal, respectively, for Fe and
Cr atoms) within the intermetallics. However, only XANES
data did not provide any detailed structural information from
Fe- and Cr-containing SPP [21]. In this work, a corroded
and unirradiated Zircaloy-2 was selected as a first case to
study in detail the local atomic structure of Ni-bearing SPP
located at the metal side of the material. For the analysis,
both EXAFS and XANES techniques have been used. Apart
form the site symmetry of the absorbing atom, XANES data
provide additional information about the unoccupied elec-
tronic states of the material and description of Fermi level.
To complement the previous information and understand the
SPP behavior under irradiation environment, EXAFS spec-
troscopic results of local structure around Ni atoms obtained
from two irradiated specimens are also presented and quali-
tatively discussed.
2 Experimental
2.1 Materials, irradiation, and TEM
The specimens investigated here are taken from a Zircaloy-2
cladding material used in a boiling water reactor,1 from the
unirradiated state up to a burn-up of 66.9 MWd/kgU. The
material contains several alloying elements with a nominal
composition of 1.34% Sn, 0.18% Fe, 0.11% Cr, and 0.05%
Ni (all in weight%) with the balance in Zr. The manufac-
turing details, metallurgical characteristics, and evolution of
microstructural features following various stages of neutron
irradiation of these specimens can be found in one of our
previous publications [22]. Three selected samples from this
batch were collected for XAFS measurements, and their re-
sults are presented in this work. Details of the specimens are
summarized in Table 1. The as-received unirradiated sample
was furthermore studied using a TEM (200 kV JEOL2010)
equipped with an energy dispersive spectrometer to reveal
the SPP sizes and distributions.
2.2 XAFS and data analysis
X-ray absorption experiments were performed at the un-
dulator beam line X05L of the Swiss Light Source (SLS),
Paul Scherrer Institute, Switzerland. The storage ring oper-
ates at electron beam energy of 2.4 GeV with a maximum
stored current of 400 mA. The beam line provides a micro-
focussed (1 μm × 1 μm) spot size on the sample in the en-
ergy range 5 to 20 keV, and radioactive specimens are al-
lowed at this facility: these were indeed extremely impor-
tant in the present work for carrying out the measurements.
A fixed-exit Si(111) double-crystal Bragg monochromator
cooled with liquid nitrogen was used for the energy selec-
tion, the estimated energy resolution being about E/E <
0.02% at the Ni K-edge. Due to the high dilution of the al-
loying elements, all XAFS measurements have been made in
the fluorescence mode. The incident X-ray intensities were
1http://www.kkl.ch.
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Table 1 Description of the
three Zircaloy-2 cladding tube
(before and after irradiation in
the reactor) specimens analyzed
in this study
Specimen
identification
Number of
cycles
Assembly burn-up
(MWd/kgU)
Irradiation fluence
(n/cm2 for E > 1.35 MeV)
Unirradiated – – –
Sample-IA 3 34.7 5.9 × 1021
Sample-IB 6 66.9 14.2 × 1021
measured by means of an ultrathin Si-diode. The specimens
were held at room temperature, and the fluorescence excita-
tion spectra at the Ni K-edge were collected with an energy
dispersive solid-state 32-element Ge detector. The measure-
ment geometry was 45° (angle of incidence), and the de-
tector was placed perpendicular to the beam direction. Inte-
grated Ni fluorescent signal was optimized by changing the
beam spot position (with a (sub)micron precision) on the
samples. Several spectra (scans) were collected from each
sample to have a better ratio signal/noise. For calibrating the
energy output of the monochromator, the K-edge excitation
energy of 8333 eV measured from a hyperpure nickel metal-
lic foil, was set equal to the maximum of the first derivative
of the XANES data.
XAFS data processing and numerical analysis were per-
formed using the computer program IFEFFIT.2 Considering
the measurements geometry, an appropriate correction has
been applied to all the measured data for the self-absorption
effect [23]. The first step in the data analysis was a back-
ground subtraction. This was done using a linear function
in the pre-edge region and a spline fit above the absorp-
tion edge. The threshold position E0 was determined from
the maximum of the first derivative of an absorption curve.
Background-removed EXAFS function χ(k) was extracted
and normalized by the edge jump height. χ(k) was then mul-
tiplied by k3 to emphasize the higher k region. Thereafter,
k3-weighted EXAFS was Fourier transformed (FT) into real
space to obtain a radial distribution function (RDF) of the
near-neighbors around the absorber atom. Transform termi-
nation effects were minimized by choosing an appropriate
window range bounded by minima in |χ(k)| and using a
Hanning window function that smoothed the ends of the re-
gion to zero.
In the next step, the extracted experimental EXAFS
signals were best fitted to the well-known EXAFS equa-
tion [20] available within the IFEFFIT algorithm. The op-
timized structural parameters, namely coordination num-
ber N , interatomic distance R, Debye Waller (DW) fac-
tor σ 2, and E0 (a correction to E0) were derived from
the fits, taking into account both the many-electron effects
and the vibrations of neighboring atoms around their equi-
librium positions. Quality of the fits were judged by the EX-
AFS -factor as defined in the IFEFFIT code, and the ac-
2http://cars9.uchicago.edu/ifeffit/feffit.html.
ceptable values are in the order of a few percent. Theoretical
scattering functions (phases and amplitudes) for quantitative
EXAFS fitting were generated by the FEFF code [24]. This
theoretical approach describes the photoelectron final states
by an ab initio curved-wave multiple-scattering calculation
using an energy-dependent exchange-correlation for self-
energy within a muffin-tin potential. In our analysis, final-
state potentials at Ni K-edge were calculated using atomic
clusters derived from the known atomic coordinates of Zintl
phase Zr2(Fe,Ni) structures as referred in [25, 26].
3 Results and discussion
3.1 Second-phase particles observation by TEM
The precipitates present in the metallic matrix of unirradi-
ated Zircaloy-2 are mainly Zr(Fe,Cr)2 and Zr2(Fe,Ni) with
Fe/Cr and Fe/Ni ratios, respectively, close to 0.9 and 1.7.
These characteristics are in good agreement with those de-
scribed in our previous TEM studies [22] for the same al-
loys. A typical TEM micrograph of this specimen and cor-
responding elemental EDS mapping for Ni, Fe, and Cr are
shown in Fig. 1. It is straightforward to distinguish between
Fe/Cr and Fe/Ni intermetallics by EDS mapping. Some of
the course Fe/Ni SPP are encircled in the figure. The num-
ber of Fe/Cr containing precipitates can be found larger than
that of Fe/Ni particles. The precipitates also exhibit a range
of sizes between 50 and 250 nm in diameter. It was con-
firmed from SAD pattern that these intermetallic particles
are not amorphous in nature. As alluded, investigations by
TEM on the evolution of microstructure, size distribution,
and dissolution of SPP under irradiation have been discussed
in prior research [22]. However, TEM observations do not
allow any quantitative conclusions concerning atomic struc-
tures within SPP. It is worth noting in Fig. 1 that Ni-bearing
particles are spatially separated by more than 1 μm (an aver-
age value). Therefore, the structural information that is gath-
ered using a micro-focussed beam spot in XAFS analysis
provides average result from an isolated SPP present at the
(sub)surface regions of the specimens and a couple of indi-
vidual SPP perhaps located along the beam path. At the Ni
K-edge energy and 45° incidence angle geometry, the esti-
mated x-ray probing depth in Zircaloy-2 is about 8 μm.3
3http://henke.lbl.gov/optical_constants/atten2.html.
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Fig. 1 Bright field TEM
micrograph and EDS elemental
maps of Fe, Ni, and Cr
illustrating the size distribution
of Ni–Fe and Fe–Cr bearing
precipitates in the unirradiated
Zircaloy-2 sample analyzed in
this work
3.2 EXAFS and XANES on unirradiated material
The use of unirradiated Zircaloy-2 material is essential for
interpretation of EXAFS results from irradiated specimens,
as they provide directly comparable structural information.
In this respect, a comprehensive quantitative analysis of the
XAFS data measured from this pristine specimen has been
made. The results are shown in Fig. 2. The upper panel in
the figure reports representative Ni K-edge XAFS spectrum
(Fig. 2a). The edge position, taken as equal to the maxi-
mum value of the differential coefficients of the spectrum
near the edge, reveals an E0 value of 8332 eV, which is
1 eV smaller than that of the Ni-metal foil (XANES spec-
trum shown later). For a quantitative analysis of this data, the
fitting procedure was adopted using the standard methods as
summarized in the experimental section. The resulting RDF
is shown in Fig. 2a as an inset. The FT was performed in
the spectral k range of 3–11 Å−1. The spectra drawn with
points and solid curves are the observed and corresponding
best-fitted ones, respectively. The lower panel (Fig. 2b) plots
the XANES part of the data (presented in Fig. 2a) as well as
the spectrum derived from FEFF calculations.
The EXAFS measurement from pristine Zircaloy-2
clearly reveals an excellent crystallinity around Ni atoms.
The FT data presented in Fig. 2b illustrates Fourier features
which are characteristics of the bct-sites environments. The
RDF shows that there are three strong amplitude peaks be-
tween 2 and 7 Å, where the distance R is around 2.8, 4.8,
and 6.1 Å, respectively. A small structure peaking at about
3.7 Å can be also seen in the spectrum. The first strong peak
at about 2.8 Å stems from the first and second neighbors (Ni
and Zr atoms, respectively) of the Zr2(Fe, Ni) lattice. The
magnitude intensity of the second peak near 4.8 Å is sensi-
tive to the complicated environment of Ni atoms consisting
of 30 neighbors (both Ni (or Fe) and Zr) in five coordination
shells. The bimodal peak around 6.1 Å contain contributions
from long-range order (beyond the first seven shells).
The starting model employed to analyze these data was to
use the C16-type crystal structure of Zr2Ni with space-group
symmetry D184h-I4/mcm (no 140). This structure is charac-
terized by a Zr2Ni unit cell, which is used in our calcula-
tions, contains four Zr atoms at the positions ( 12 − x, x, 0),
(1 − x, 12 − x, 0), ( 12 + x, 1 − x, 0), (x, 12 + x, 0) and the Ni
atoms at the positions (0, 0, 14 ) and ( 12 , 12 , 14 ). Here x repre-
sents the atomic parameter [26]. For the lattice and atomic
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Fig. 2 (a) Normalized and
background removed Ni K-edge
XAFS spectrum for the
unirradiated Zircaloy-2 sample
measured with a μ-focussed
X-ray beam. The inset shows
magnitude of the associated
Fourier transform of the
experimental EXAFS signal.
(b) Near-edge part of the
experimental XAFS data shown
in (a) and the simulated XANES
spectrum at the Ni K-edge
obtained from FEFF code. The
theoretical calculation has been
carried out using a bct lattice of
Zr2(Fe,Ni) structural model. See
the text for further details
parameters, we have used a = b = 6.431 Å, c = 5.418 Å,
and x = 0.168. These values have been calculated using
the literature data [27] for unit cells of pseudo-binary al-
loys Zr2Fe and Zr2Ni, and taking into consideration the fact
that average (atomic) ratio of Fe/Ni in the SPP yields a value
of 1.45 ± 0.15 [22]. The crystallographic parameters for the
first five shells are given in Table 2. Information about the
local structure in this unirradiated sample is, thereafter, ob-
tained by fitting experimental data with the corresponding
atomic scattering functions calculated using FEFF [24] for
a Zr2Fe0.6Ni0.4 lattice with the crystallographic parameters
just mentioned. The analysis resulted a good fit to the exper-
imental data. The starting FEFF model comprises all single
scattering paths within the fit range and all multiple scatter-
ing paths up to 6.0 Å. During the preliminary fitting analysis,
the R, σ 2, and E0 of contributing atom shells were floated,
while all other parameters were held fixed at their theoretical
values. Once approximate values of the radial distances and
DW factors were determined, additional fits were carried out
in which the R and σ 2 values were fixed and the N , S20 , and
E0 values were allowed to vary. Further refinement of the
fit was achieved by fixing the N , S20 , and σ
2 values at the
fitted values and again varying R using the previously deter-
mined values as the starting values. Finally, all parameters
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Table 2 Crystallographic data of coordination numbers (N ) and inter-
atomic distances (R) in crystalline Zr2Ni
Absorbing
atom
Neighboring
atom
N R (Å) Note
Ni Ni 2 2.67 First five
Zr 8 2.75 shells
Ni 4 4.54
Zr 8 4.63
Zr 8 4.71
Zr Ni 4 2.75 15 atoms
Zr 1 3.03 in five
Zr 2 3.09 coordination
Zr 4 3.38 shells
Zr 4 3.46
Table 3 Ni EXAFS fit parameters of the first two coordination shells
Specimen SC CN RD (nm) σ 2 (Å2) Quality
identification (±0.3) (±0.002) (±15%) factor (R)
Un-irradiated Ni–Ni 1.5 0.268 0.0091 0.013
Zircaloy-2 Ni–Zr 7.5 0.277 0.0145
SC: scattering configuration; CN: coordination number; RD: radial dis-
tance
were floated from the starting values determined from the
above approach until a best fit for all parameters was ob-
tained. All data in Fig. 2 have also been corrected for elec-
tron phase shifts using the first shell-path from FEFF, and
therefore the FT peaks should correspond directly with the
true bond distances of the near neighbors. At this point let us
mention that Ni and Fe atoms, when compared in terms of
their sizes, behave as equivalent backscatterers and are in-
distinguishable from the XAFS point of view. Therefore, in
our present analysis, the local environment of Ni atoms has
been deduced assuming only two kinds of neighbors (Ni–Ni
and Ni–Zr) for the central atom residing in a bct Zr2Ni(Fe)
lattice. In this way the correlation among RNi–Ni, RNi–Fe, and
E0 was reduced, and hence the number of free parameters
in the fit. This approximation is reasonable, since Ni and Fe
are similar in their ionic radii and have very close values of
electronegativity [28]. Therefore, the electrostatic potentials
induced by charge transfer between Ni and Fe atoms can be
neglected, and the approximation of neutral absorber atom
assumed by FEFF is valid, so that an overall R and E0
are enough for all scattering events. Thus, the contributions
from Ni–Ni correlation (for example) in the FT peak (see
Table 3) imply the results of Ni–Ni(Fe) atoms-shell in prac-
tice, Ni being the central atom.
Table 3 contains the analyzed numerical results for the
first two coordination shells. The refined values obtained
from the curve fit give realistic DW factors, correct order
for the bonds, and appropriate coordinations for the next-
neighbor shells. The total numbers of the Ni emitter for
the first two shells are NNi–Ni = 1.5 ± 0.3 and NNi–Zr =
7.5 ± 0.3. These values are consistent with corresponding
values reported by using X-ray crystallography [25] and
XAFS studies on crystalline nickel–zirconium alloys [29].
The measured Ni–Ni bond distance is 2.68 ± 0.02 Å in the
first coordination shell. Describing the RNi–Zr result, we no-
tice that the eight-fold Zr neighbors provide an average bond
distance of 2.77 Å, which is significantly smaller than the
sum of the elemental radii of constituting atoms (Ni, 1.35 Å;
Zr, 1.55 Å4,5). This can be explained by a charge transfer
from the Zr to the Ni atoms in the Zr2Ni alloy. Such an ex-
planation is in accordance with the Ni–Zr interaction which
is indicated by the shortened bond length with respect to the
pure Ni element, and a shift of 1 eV to a lower energy of
the Ni-edge position (E0 value) in the SPP analyzed. Fur-
ther support for this conclusion can be obtained by the local
density of states calculations of Zr2Ni C16 compound [30].
A charge transfer from the Zr 4d orbitals to the unfilled Ni
3d shell leads to a decrease of the effective Zr radius. Con-
cerning the DW factors, our results indicate σ 2 much larger
for the Ni–Zr pair (145 × 10−4 Å2) compared with Ni–Ni
pair (91 × 10−4 Å2). For comparing these values of DW
factors with the existing literature, we have not come across
any report of XAFS describing the Ni environment within
SPP in Zircaloy-2. The available data of σ 2 reported in [29]
for Ni–Ni and Ni–Zr pairs have been measured only at low
temperatures (∼77 K). Let us also note that Zr atoms are
rather heavy scatterers and the Ni chains are relatively free
to vibrate with respect to the Zr host lattice.
Ni K-edge experimental and calculated (using FEFF)
XANES spectra of an unirradiated sample are shown in
Fig. 2b. Because the Fermi energy of the experimental curve
is not known absolutely, the first inflection points (marked
by a dotted line in the plot) of the theoretical and experi-
mental curves are approximately lined up and also normal-
ized to each other. Features present in the XANES spec-
trum are dependent on both the local atomic arrangement
around the photo absorber and the electronic states of con-
stituent elements in the alloy. Furthermore, the near-edge
range XANES of XAFS spectra give information about the
unoccupied local density of states projected at atom sites
(LDOS). The FEFF calculation itself is characterized by the
following technical details. Muffin-tin exchange and corre-
lation Hedin–Lundqvist potentials were used. Self consis-
tency calculations were refined with a radius of 4.0 Å around
the central Ni. For the full multiple-scattering calculations,
we have chosen a radius of 7.2 Å to obtain about 100 atoms
4http://www.webelements.com/nickel/atom_sizes.html.
5http://www.webelements.com/zirconium/atom_sizes.html.
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in the simulated cluster. The refined experimental parame-
ters obtained from the EXAFS analysis were reintroduced
in FEEF for calculation of the XANES and LDOS. Since
the code was unable to reproduce the experimental XANES
features during the preliminary analyses, several calculation
parameters of the code were varied, aiming to analyze their
influence on the theoretical spectra. After some tests, the fi-
nal calculation comprised the use of a full multiple scatter-
ing method [31, 32], appropriate correction factors related
to the Fermi level estimate (using EXCHANGE and COR-
RECTIONS cards in FEFF), and the Debye temperature of
Zr2Ni (252 K [33]) in DW factor calculations. A statistical
structural disorder in the atomic layers was furthermore in-
corporated with the help of the SIG2 card (a value of 0.004)
in FEFF. In this way it was possible to obtain a reasonable
agreement between experiment and computed spectrum, in
terms of both absolute magnitudes and the line-shape. Rela-
tive positions and intensities for the dominant XANES fea-
tures present in the Ni-bearing SPP modeled are reproduced
(see Fig. 2b).
Continuing the discussion on XANES results, for Zr2Ni,
we find a Fermi level (EF) of −10.9 eV with our input op-
tion in LDOS calculations. In Fig. 3, we show the local par-
tial electron densities of states (DOS) for Ni and Zr compo-
nents and the total DOS for compound Zr2Ni found from the
analysis. It is clear that EF lies at a valley in DOS for Zr2Ni.
The broad and three-humped pattern above Fermi level is
arising predominantly from the heavier Zr atom, while the
sharp peak around −2.5 eV in Fig. 3a is due to the lighter
atom Ni. For the alloy, total electronic DOS at EF is predom-
inantly due to d-electrons on the Zr and Ni sites. Also, there
is a nonzero contribution from p-DOS at the Fermi level,
although in the atomic state both Zr and Ni atoms have only
s- and d-electrons (3d84s2 for Ni; 4d25s2 for Zr). These
results are in qualitative agreement with the band model
of C16 Zr2M (M = Fe, Co, Ni, Rh) compounds [34, 35]
and with the electronic structure calculation of Zr2Ni us-
ing the tight-binding approximations [30]. Since the elec-
tron conduction mechanism of ZrO2 involving intermetallic
SPP is expected to be a band mechanism, the description of
the electronic structure provided here is important for ex-
plaining the oxide growth resulting from oxygen migration
through the oxide where the rate of oxidation is known to be
controlled by either ionic or electronic conductivity of the
oxide layer [5, 6].
3.3 XAFS on irradiated material
Dealing with neutron irradiated samples, the RDFs ex-
hibit remarkable differences in many respects. Significant
radiation damage effects are readily apparent in the raw
data. Figure 4 displays the Ni K-edge XAFS spectra mea-
sured from the two irradiated samples, which is detailed
Fig. 3 (a) The total electronic density of states (DOS) for the alloy
Zr2Ni derived from the analysis. The angular momentum projected
partial l-DOS for Zr (b) and Ni (c) in the compound Zr2Ni are also
shown
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Fig. 4 Ni K-edge XAFS
spectra and the corresponding
Fourier transforms (inset)
showing the experimental data
for two neutron-irradiated
samples as described in Table 1
in Table 1. A notable feature is the absence of any strong
high-frequency contribution of experimental EXAFS sig-
nals from distant coordination shells; apparently, they are
smeared out by a strong static disorder. In the interval 2
to 6.5 Å, RDFs (inset in Fig. 4) show only a major peak
at about 3 Å and a nonzero contribution at about 4 Å with
no significant signal above this value. These structures can
be attributed to the first two coordination shells around
Ni atoms and to multiple-scattering effects. Our prelimi-
nary analysis, however, has demonstrated that the multiple-
scattering contribution is negligible and that the structures
in the range 2.0–4.2 Å in Fig. 4 (inset) are predominantly
due to the Ni–Zr pair correlation. The contribution from Ni–
Ni pair is practically negligible from EXAFS perspective.
Similar behavior was earlier observed in an x-ray scattering
study performed on an amorphous Zr2Ni alloy, in particular
for the Ni–Ni pairs which have the smallest weighting fac-
tor [36]. Comparing the unirradiated and irradiated SPP, it is
evident that a transformation towards a state of greater struc-
tural disorder has taken place upon irradiation, as manifested
most notably by a reduction in the EXAFS amplitudes.
Although the XAFS spectra in Fig. 4 of two irradiated
samples look rather similar, some definite differences can
be seen from their FT data (inset in Fig. 4). A system-
atic attenuation experienced by the major FT-peaks is ev-
ident. The amplitude reduction is strongest for the speci-
men irradiated with the highest neutron fluence (sample IB).
These results can be attributed to both the dissolution of SPP
and the presence of strong structural disorder in intermetal-
lic Ni-compounds, causing local deformations of bond dis-
tances and localization of different atomic sites in the amor-
phous network within the SPP. In the literature it is discussed
that amorphization occurs because the irradiated crystalline
structure gets unstable due to the accumulation of radiation
damage [37, 38]. The irradiation-induced dissolution is due
to the increase in the number of accumulated point defects
(mostly vacancies) in the matrix and the increase in the sol-
ubility limits of Fe and Ni under neutron irradiation [39].
It has to be mentioned that XAFS results presented above
for the irradiated SPP are only qualitative. The parameters
(e.g., N , R, or σ 2) of the local structure around Ni in next-
neighbor shells are not reported here not only because of the
poor best-fit quality parameter () but also because of the
instability of quantitative results obtained from the assumed
initial lattice structure of Zr2Fe0.6Ni0.4 for the FEFF cal-
culation as applied for unirradiated SPP. A detail analysis of
the damage state, e.g., point and extended type of defects in-
cluding anti-site irregularities [40] in irradiated Zr2(Fe, Ni)
is underway.
4 Conclusions
X-ray absorption spectroscopy is a local probe and thus
appears to be a good tool to study both crystallographic
and electronic structures of submicron-size intermetallic
secondary-phase precipitates (SPP) found in Zircaloy-2. In
this study, μ-focussed XAFS spectroscopy has been used to
investigate local structure around Ni atoms of intermetallic
Zr2(Fe, Ni) SPP located at the metal-side of corroded and
irradiated Zircaloy-2 specimens. Characterization of SPP in
the corrosion layer and/or at the metal/metal-oxide interface
remains subject of future investigations after reactor ser-
vice. Two selected cladding tube specimens from fuel rods
Micro-focussed XAFS spectroscopy to study Ni-bearing precipitates in the metal of corroded Zircaloy-2 633
(see Table 1 for details) and one unirradiated specimen of
the same material are collected for XAFS measurements.
Fourier transformed (FT) Ni K-edge EXAFS spectrum of
the unirradiated SPP exhibits several nearest-neighbor peaks
indicating a good crystallinity around Ni atoms in the al-
loy. Long-range order (beyond the first- and second-shell) is
readily apparent in the FT-spectrum. A detail curve fit analy-
sis shows that the Ni-sites accommodate about 1.5 ± 0.3 Ni
atoms and 7.5 ± 0.3 Zr atoms in the first two consecutive
neighbor shells. The measured Ni–Ni and Ni–Zr bond dis-
tances are 2.68 ± 0.02 and 2.77 ± 0.02 Å, respectively. On
the contrary, the FT-spectra of irradiated SPP are dominated
by a single scattering peak. Results of preliminary analyses
of EXAFS data from these irradiated material clearly show
no coherent scattering contributions from beyond the Ni first
neighbor shell, loss of Ni from the alloy, and a reduced co-
ordination number in the Ni–Zr pair with some disruption of
the average bond distances. These imply presence of strong
structural disorder in intermetallic Ni-bearing SPP, causing
local deformations of bond distances and localization of dif-
ferent atomic sites in the amorphous network within SPP.
The local structure of intermetallic SPP is an important step
to understand the irradiation effects including differences
between damaged state and crystalline phase, and with re-
spect to the corrosion behavior of the material. It is demon-
strated that XAFS can be a powerful local probe towards
these aspects.
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